Introduction
Post-industrial wastes color the natural waters due to the presence of about 100 thousand various synthetic dyes or other substances, globally produced in amounts as great as 700-800 tons per year [1, 2] . 2-50% of dyes synthesized for the textile industry, depending on the production technology, may remain in wastewaters [3] . All the synthetic dyes are highly resistant to biodegradation and thus remain a serious water-polluting factor.
Traditional methods of dye removal from wastewaters are generally based on chemical decolorization (chlorination), but this does not effectively solve the problem of wastewaters utilization.
Biological methods of dye removal from wastewaters, especially those based on microbial biodegradation, are postulated to be safer than the chemical ones, mainly because the toxicity of by-products is minimized when using microbial methods [4] . The methods are attractive because of their low costs, environmental safety and common societal acceptance [5] .
The alternative methods proposed for decolorization of industrial wastewaters are based on the use of whiterot fungi that synthesize exogenous oxidoreductases laccase and peroxidases. These enzymes catalyze the oxidative depolymerization of lignin in ligninocellulose wood complexes [6] , and also other aromatic compounds possessing a lignin-like structure such as synthetic dyes [7, 8] . Among white-rot basidiomycetes growing on wood, the ability to biodegrade synthetic dyes was reported for Phanerochaete chrysosporium, Trametes (Coriolus) versicolor, Pleurotus ostreatus, P. eryngii, Phlebia radiata, and Bjerkandera adusta [9] [10] [11] [12] [13] [14] . P. chrysosporium demonstrated the greatest effectiveness at decolorization and biodegradation of anthraquinonic, azo and triphenylmethans dyes [9, 11, 12] . Decolorization and biodegradation abilities of different Bjerkandera spp., including B. adusta strains, were widely studied, and basically include azo, anthraquinonic, triphenylmethans and heterocyclic dyes [2, 5, [13] [14] [15] [16] [17] [18] [19] [20] . A new strain Bjerkandera adusta CCBAS 930 isolated from soil was described [21] . This fungus is the imperfect (anamorphic) stadium of B. adusta (Basidiomycetes). B. adusta CCBAS 930 was able to decolorize diluted and non-diluted (after the fungus adaptation) daunomycin-containing post-production effluent via biodegradation [21] . Daunomycin, a substance with color ranging from orange to red, belongs to anthracycline antibiotics -anthraquinonic derivatives; treatment is usually similar to a cytostatic drug [22] . This strain also decolorized post-industrial lignin and humic acids [23, 24] .
This work presents the results of pilot experiments describing the decolorization of two anthraquinonic dyes with a lignin-like structure, Remazol Brilliant Blue R and polycyclic Poly R-478, by B. adusta CCBAS 930 strain.
Experimental Procedures

Fungal strain
Anamorphic B. adusta CCBAS 930 was isolated as B. adusta R59 strain from the black earth soil (Pheozems, FAO classification from a field near Lublin, SouthEastern Poland). Isolation procedure and identification of the R59 strain was described elsewhere [21] . Strain B. adusta R59 produces white fast-growing colonies ( Figure 1 ) with a diameter of 8.02 cm (±0.26) after 4 days of growth on a medium with maltose extract and glucose (MEA) at a temperature of 28ºC. Resultant colonies form loose cottony aerial mycelium and hyaline 1-cell arthrospores (arthroconidia) that are cylindrical, barrel-shaped or ellipsoidal with dimensions of 4.08(±0,81)x6.20(±2,16) μm, and form chains (21) (Figure 2 ). The conidial stadium described is similar to Geotrichum candidum Link ex Lemon. However, it differs from Geotrichum candidum (which grows in a yeast-like form) in its decidedly mycelial growth (Figure 1 
Dyes
Two dyes (Ds) with anthraquinone chromophoric groups, Remazol Brilliant Blue R (RBBR) and Poly R-478, were purchased from Sigma Aldrich. Both synthetic dyes are applied as model compounds for ligninolytic activity measuring [25] , because their structures resemble lignin components. Remazol Brilliant Blue R (RBBR) is an anthraquinon derivative ( Figure 3 ). Poly R-478 dye is a compound which includes n derivatives anthraquinon, Figure 4 . [26] , and 0.01% RBBR or 0.03% Poly R-478. The plates were inoculated by round pieces (ø=1 cm) of B. adusta CCBAS 930 (R59) strain mycelium after 7 days of growth on potato-glucose (20% potato, 2% glucose) agar medium. Circles of the fungus, cut with a sterile cutter, were placed in the center of Petri dishes with the medium, mycelium up, and incubated at 26ºC in a controlled-climate chamber, with 3 replications. Two control treatments were applied: cultures on a medium containing glucose without dyes (control 1), and cultures on a medium with dyes but without glucose (control 2). Periodically the diameter of the colonies was measured, and the degree of colonization of the substrate was determined (in %), assuming that 100% meant a diameter equal to that of the dish (9 cm). At the end of the experiment, which corresponded to 100% decolorization of the medium, the cultures and the controls were left at 26ºC for a week (until day 18); observations were conducted to preclude the effect of re-colorization. Abilities of B. adusta strain to decolorize RBBR and Poly R-478 were estimated on the basis of the extent of the decolorization zone (% of a total medium surface) [24] .
Decolorization of dyes was also tested in liquid cultures under stationary conditions: 100 ml Erlenmayer flasks were filled with 50ml of Park and Robinson [26] mineral medium containing 0.01% RBBR or 0.03% Poly R-478. In each case the media were supplemented with 0.25% glucose. The media were inoculated with 1ml of homogenized B. adusta CCBAS 930 mycelium (10 5 cfu ml -1 ) from a 7 day-old culture of fungus on potato-glucose liquid medium. Non-inoculated media (control 0) and inoculated media with glucose and without dyes (control 1), and with the addition of dyes but without glucose (control 2) served as controls. Cultures and controls were incubated at 26°C for up to 30 days. The experiment was done in triplicate.
Analytical methods
From liquid B. adusta CCBAS 930 cultures enriched with RBB and Poly R-478, the following parameters were estimated: -decolorization rate: for RBBR at 595 nm (maximum absorbance), for Poly R-478 at 519 nm (maximum absorbance)
-peroxidase activity according to Maehly and Chance [27] method with o-dianisidine as a substrate (previous optimization showed that o-dianisidine was the best substrate for B. adusta CCBAS 930 (R59) peroxidase -laccase activity according to the method of Leonowicz and Grzywnowicz [28] , with syringaldazine as a substrate -phenolic compounds concentration was determined at 400nm for protocatechuic acid detection according to Malarczyk [29] -H of medium -dry matter (105ºC) was assayed after the end of the experiment.
All assays were performed in triplicate.
Observation of cultures
During culturing, macroscopic and microscopic observations of mycelium growth and development were performed. Type of growth, sporulation, ratio of visible decolorization of medium and color of mycelium were estimated.
Evaluation of results
Results were analyzed using statistical methods, including standard deviations. Correlations coefficients (r) between decolorization degree and phenolic level in liquid culture media were estimated.
Results and Discussion
Decolorization of dyes by B. adusta CCBAS 930 on agarized and liquid media
Pilot experiments on decolorization of tested dyes by B. adusta CCBAS 930 were performed on agarized medium. It was observed that on the medium with glucose, the size of the decolorization zone coincided with the colonization zone. The growth rate of the fungus on the medium with glucose in the presence of both studied dyes was similar to the growth rate on the medium with glucose without the dyes (control 1). On the medium without addition of the dyes, after 3 days the strain B. adusta CCBAS 930 colonized about 35% (ø of colony 3.2 cm), while the addition of 0.01% carminic acid and 0.03% Poly R-478 resulted in colonization rates of 33% and 39% of the substrate, respectively (ø of colonies 3.0 cm and 3.5 cm) ( Table 1) . None of the dyes tested caused any change in the mycelium morphology. In both the medium without the dyes and with glucose, and in the one with addition of the dyes and with glucose, the strain tested produced cottony "colonies" with relatively loose and colorless aerial mycelium. Observations of the aerial mycelium in a drop of water revealed the presence of arthrospores. Decolorization of 0.01% RBBR and 0.03% Poly R-478 began by the 3 rd day of the experiment and lasted 7 (RBBR) or 10 (Poly R-478) (Table 1) days; this was accompanied with total overgrowth of medium by mycelium. In the Park and Robinson medium without glucose and with an addition of 0.01% RBBR and 0.03% Poly R478 (control 2), no decolorization of the medium was observed and weak growth that was limited to the area of the circle of the inoculum mycelium resulted, with sparse aerial hyphae growing on its surface. Decolorization of the dyes in the agar medium with glucose was irreversible, and no re-colorization effect was observed. Therefore it was confirmed that B. adusta CCBAS 930 strain, capable of decolorization and degradation of anthraquinonic antibiotic daunomycin [21] , also decolorized the solutions of other anthraquinonic compounds. Moreover, the process of decolorization of both anthraquinonic dyes Figure 5A,B) . RBBR is more susceptible to fungal decolorization and biodegradation than Poly R-478, as concluded from its monomeric structure; moreover it is a precursor for Poly R-478 synthesis [11] . Decolorization of RBBR and Poly R-478 is a commonly known indicator of ligninolytic abilities of white-rot fungi, especially Bjerkandera spp. [6, 10, 30] . The abilities of B. adusta CCBAS 930 to decolorize these dyes are comparable with those of a model ligninolytic strain Phanerochaete chrysosporium. Freitag and Morell [10] reported that Ph. chrysosporium was able to completely decolorize 0.02% Poly R-478 solution white within 33 days, while CCBAS 930 strain decolorized 0.03% solution of this dye within 30 days. In the case of RBBR, decolorization of agarized media with 0.01% dye by B. adusta CCBAS 930 strain occurred completely within 7 days, while Eichlerova et al. [31] in an analogous test with 0.02% dye observed a complete decolorization within 10 days using B. adusta CCBAS 232.
Growth of B. adusta CCBAS 930 strain and pH changes in cultures with dyes
Decolorization of dyes in liquid media was dependent on formation of aerial mycelium ( Table 2 ). In these media, the total overgrowth of the medium surface by sporulating aerial mycelium observed after 20 days (in case RBBR) or 30 days (for Poly R-478) of fungal growth was correlated with visible medium decolorization. Assays of dry matter of mycelium performed on liquid media at the end of the experiment (30-day cultures) indicated that the biomass of mycelium produced on the medium with glucose with the addition of 0.01% RBBR and 0.03% Poly R-478 was slightly larger (by 5% and 12%, respectively) than that found in the medium with glucose but without the dyes. Although this growth Table 2 . Growth and pH changes in liquid cultures B. adusta CCBAS 930 with 0.01% RBBR and 0.03% Poly R-478.
Days of cultivation
g -growth; "-" lack of growth; nd-non determined; +/-" -weak growth of submerged mycelium and lack of aerial mycelium; "+" -weak growth of aerial mycelium; "++" -moderate growth of aerial mycelium; "+++" -strong growth of aerial mycelium; ( ) -mg of dry matter of mycelium/50 ml of medium.
stimulation is of little significance, it may indicate an ability of the fungus under study to utilize carbon from these dyes. Moreover, in the media supplemented with dyes, the pH dropped quickly to 3.0-3.5 and then increased to 5.0-6.0 (Table 2 ). Vyas and Molitoris [30] showed that the optimum pH for RBBR decolorization in Pleurotus ostreatus cultures was 3.5-4.0.
Changes in peroxidase activity and phenolic level in culture media containing dyes
Activity of peroxidase in liquid culture medium containing 0.01% RBBR and Poly R-478 appeared on 3 rd day of B. adusta growth (Figure 6 ). Peroxidase activity in media containing RBBR and Poly R-478 had a similar profiles in the culture with 0.2% alkaline lignin [23] ; its maximum was found on 18 th day of B. adusta CCBAS 930 (R59) growth (26.55 and 12.94 mU·ml -1 , respectively). However, it dropped afterwards sharply, and after 30 days of culturing disappeared almost completely (Figure 6 ), which was correlated with almost total decolorization of the medium (Figure 5A,B) .
Therefore, we concluded that extracellular peroxidase activity is important for decolorization of anthraquinonic dyes tested in our work. Due to application of o-dianisidine in the substrate, we determined that use of peroxidase such as horseradish peroxidase (HRP-like peroxidase) is suitable for the decolorization process. HRP-like peroxidase was responsible for decolorization of antibiotic daunomycin by B. adusta CCBAS 930 (=R59) cultures, as reported elsewhere [21] . HRP-like peroxidase activity (but not manganese peroxidase (MnP) and lignin peroxidase (LiP) activity) was also found in cultures R59 grown in presence of humic acids and lignin [24] . Activity of HRP-like peroxidase was detected in B. adusta CCBAS 930 liquid cultures containing 0.2% post-industry lignin and 0.03% humic acids, and reached the maximum of 33.81 mU ml -1 at 18 th day and 13.27 mU ml -1 at 21 st day respectively [23] . The essential role of HRP-like peroxidase in decolorization and biodegradation of synthetic dyes by various white-rot and brown-rot fungi was also postulated [8] .
Activity of laccase, the other model ligninolytic enzyme of white-rot fungi, was not detected in B. adusta CCBAS 930 cultures containing dyes. This enzyme was also not detected in stationary cultures of this fungus containing lignin [23] . Robinson et al. [32] demonstrated that decolorization of various synthetic dyes by B. adusta was linked with high peroxidase activity and low or absent laccase activity. Similar observations were made by Moreira et al. [33] with respect to Kraft lignin decolorization by white-rot fungi.
In the case of both dyes tested, changes in phenolic level were estimated. Decrease of phenolic levels in culture media containing dyes was rapid in the case of polyanthraquinonic Poly R-478 (at 7 th day of fungal growth), and much slower for monoanthraquinonic RBBR (the beginning at 10 th day of culturing (Figure 7 ). For both dyes, decrease of these compound concentrations was most intensive during two first weeks of culturing. Phenolic concentrations dropped to 38% (for RBBR) and 12.5% (for Poly R-478) of the initial values after 30 days of the experiment (Figure 7) .
Correlation between the drop in phenolic levels and dye decolorization was higher for Poly R-478 than for RBBR (r=0.986 and 0.517, respectively, with α=0.001 and 0.05, respectively), which was a result of a small temporary increase of phenolic concentration during first stage of RBBR biotransformation. According to other researchers, decrease of phenolic levels during RBBR and Poly R-478 decolorization results from oxidation of the dyes by extracellular peroxidases, as was reported for Bjerkandera sp. and Phanerochaete chrysosporium [11] .
In our earlier research [21, 23] we have shown that biodegradation of daunomycin, alkaline lignin, and humic acids by B. adusta CCBAS 930 (R59) strain appeared in idiophase (secondary metabolism). Similar observations were found for the dyes studied in this work. Maximum peroxidase activity was observed in the cultures simultaneously with dye decolorization and with aerial mycelium formation by CCBAS 930 strain. Generation of aerial mycelium, equivalent with conversion to sporulation phase, is synonymous with change from trophophase (primary metabolism) to idiophase (secondary metabolism). This proves that the anthraquinonic dye decolorization process by B. adusta CCBAS 930 is related to secondary metabolism of this fungus.
Ligninolysis occurs only when other readily biodegradable substrates are available [34] . Participation of B. adusta CCBAS 930 strain in extracellular peroxidase activity in the alkaline lignin and humic acids decolorization process, as well as the necessity of glucose presence in the culture medium were already reported [23] . We came to similar conclusions based on results observed for B. adusta CCBAS 930 strain presented in this work. Decolorization of tested dyes was observed only in the presence of glucose. In media without glucose, the decolorization of RBBR and Poly R-478 was inhibited and the fungus did not produce aerial mycelium, suggesting the repression of secondary metabolism pathways. The fact that decolorization of both anthraquinonic dyes was observed only in the presence of glucose suggests that this process performed by B. adusta CCBAS 930 cultures is cometabolic in its character. Similar results were reported in the case of B. adusta CCBAS 930 (R59) cultures in the process of alkaline lignin and humic acids decolorization [23] . This is in conformance with earlier information on the metabolism of aromatic compounds by fungi. Those processes proceed under the effect of enzymes degrading the substrate, but only a small part of the products of decomposition are used for cell building, therefore they are decomposed only in the presence of other available substrates [35] . The very weak assimilation of carbon in the dyes under study in the absence of glucose is evidenced by the greatly (10-13-fold) smaller biomass of mycelium of strain CCBAS 930, as compared to its biomass produced in the presence of glucose.
Results obtained in our experiments lead to a conclusion that anamorphic B. adusta CCBAS 930 is a promising strain for decolorization of anthraquinonic dyes. B. adusta CCBAS 930 strain may be recommended for biodecolorization of wastewaters, although is properties should be optimized in order to increase its decolorizing effectiveness.
